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Abstract²0RGHOLQJRIK\GURJHQIXHOHGHQJLQH+,&(LQMHFWLRQ
V\VWHP LV D YHU\ LPSRUWDQW WRRO WKDW FDQ EH XVHG IRU H[SODLQLQJ RU
SUHGLFWLQJ WKHHIIHFWRIDGYDQFHG LQMHFWLRQ VWUDWHJLHVRQFRPEXVWLRQ
DQGHPLVVLRQV,QWKLVSDSHUDFRPPRQUDLOLQMHFWLRQV\VWHP&5,6
LV SURSRVHG IRU VWURNHV F\OLQGHUV K\GURJHQ IXHOHG HQJLQH ZLWK
SRUWLQMHFWLRQIHHGLQJV\VWHP3,+,&()RUWKLVV\VWHPDQXPHULFDO
RQHGLPHQVLRQDOJDVG\QDPLFPRGHOLVGHYHORSHGFRQVLGHULQJVLQJOH
LQMHFWLRQ HYHQW IRU HDFK LQMHFWRU SHU D F\FOH2QHGLPHQVLRQDO IORZ
HTXDWLRQV LQ FRQVHUYDWLRQ IRUP DUH XVHG WR VLPXODWH ZDYH
SURSDJDWLRQ SKHQRPHQRQ WKURXJKRXW WKH &5 DFFXPXODWRU 8VLQJ
WKLV PRGHO WKH HIIHFW RI FRPPRQ UDLO RQ WKH LQMHFWLRQ V\VWHP
FKDUDFWHULVWLFVLVFODULILHG7KHVHFKDUDFWHULVWLFVLQFOXGHUDLOSUHVVXUH










IRU WKH FOLPDWH GLVUXSWLRQ 7HUULEOH QDWXUDO GLVDVWHUV DUH
FDXVHG E\ WKH GLVUXSWLRQ RI WKH (DUWK
V FOLPDWH VXFK DV
WRUQDGRV KXUULFDQHV W\SKRRQV VWRUPV GUDXJKWV DQG IORRGV
>@ ,Q DGGLWLRQ WKHUH LV LQFUHDVLQJ FRQFHUQ ZLWK HQHUJ\
VHFXULW\ LVVXHV >@ +\GURJHQ IXHO KDV EHHQ FRQVLGHUHG DV D
UHQHZDEOHDQGVXVWDLQDEOHVROXWLRQIRUERWKLVVXHV>@
,QWKHPDMRUDXWRPRELOHPDQXIDFWXUHUVVXFKDV*0
)RUG &KU\VOHU 'LDPOHU%HQ] %0: 7R\RWD +RQGD DQG
0D]GD DPRQJ RWKHUV KDYH DQQRXQFHG WKDW WKH\ ZRXOG VWDUW
PDUNHWLQJK\GURJHQIXHOHGFDUV LQ WKHILUVWGHFDGHRI WKHVW
FHQWXU\ >@ 1HYHUWKHOHVV WKLV SURPLVH KDV QRW EHHQ VHHQ LQ
VSLWHRIWKDWWKHILUVWGHFDGHKDVEHHQHODSVHG0RUHRYHULWLV
QRW H[SHFWHG WKDW WKLV SURPLVH FRPHV WUXH LQ WKHQHDU IXWXUH
7KLV WDNHVXV WRDXQLTXHIDFWYDVWFKDOOHQJHVDUHVWLOO LQ WKH
URXWH RI K\GURJHQ IXHO DQG WKH GDZQ RI K\GURJHQ IXHO





0RKDPPHG .DPLO 0RKDPPHG LV ZLWK WKH 0HFKDQLFDO (QJLQHHULQJ
8QLYHUVLW\ RI 6KDUMDK 6KDUMDK 8QLWHG $UDE (PLUDWHV HPDLO
PPRKDPPHG#VKDUMDKDFDH
8QOLNH FRDO RU RLO K\GURJHQ LV QRW D SULPDU\ VRXUFH RI
HQHUJ\ +\GURJHQ FDQQRW EH FROOHFWHG E\ PLQLQJ RU
KDUYHVWLQJ LQVWHDG LW KDV WR EHPDQXIDFWXUHG XVXDOO\ HLWKHU
E\HOHFWURO\VLVRUE\VWHDPUHIRUPLQJRIQDWXUDOJDV>@7KHQ
K\GURJHQ DV D IXHO KDVXQLTXH FRPEXVWLYH SURSHUWLHVZKLFK
FDQ EH EHQHILFLDO DW FHUWDLQ HQJLQH RSHUDWLQJ FRQGLWLRQV DQG
SRVH WHFKQLFDO FKDOOHQJHV DW RWKHUV >@ 7KHVH FKDOOHQJHV
LQFOXGH DEQRUPDO FRPEXVWLRQ SUHLJQLWLRQ EDFNILUH DQG
NQRFNLQJ >@ DQG KLJKHU KHDW WUDQVIHU ORVVHV >@
)XUWKHUPRUH +\GURJHQ¶V XVHIXOQHVV DV DQ HQHUJ\ FDUULHU LV
DOVR UHGXFHG E\ LWV ORZ HQHUJ\ FRQWHQW RQ D YROXPH EDVLV
OLPLWLQJYHKLFOHRQERDUG VWRUDJH ,W FDQEH VWRUHG DV DJDV D
FU\RJHQLF OLTXLG RU LQ DGGLWLRQ VROLGVWDWH VWRUDJH LV DOVR
SRVVLEOH $ SDUWLFXODU SUREOHP ZLWK OLTXLG K\GURJHQ LV ERLO
RII$V WKH OLTXLGZDUPVERLORIIJDV LV UHOHDVHGZKLFKPXVW
EHYHQWHGIURPWKHVWRUDJHWDQN,QFRQILQHGVSDFHVWKHUHLVD
ULVNRIILUHRUH[SORVLRQLIFRQWDFWHGE\DIODPH)XUWKHUPRUH
FRQWDFWZLWK OLTXLGK\GURJHQGHVWUR\V OLYLQJ WLVVXHGXH WR LWV




RQ WKH K\GURJHQ LQGXFWLRQ V\VWHP EHFDXVH WKH RQERDUG
VWRUDJH LV WKH PDLQ NH\ IRU LQGXFWLRQ V\VWHP VHOHFWLRQ DQG
GHVLJQ0RUHRYHUGXHWRWKHKLJKHUVSHHGRIVRXQGLQWKHOLJKW
K\GURJHQ JDV WKH SUHVVXUH ZDYH IOXFWXDWLRQV WKDW JHQHUDWH
IURP WKH LQMHFWLRQHYHQWVPD\ IROORZDGLIIHUHQW IXQFWLRQRI
WLPH FRPSDUHG ZLWK JDVROLQH RU GLHVHO IXHOV 7KLV DOVR
VXJJHVWV GLIIHUHQW IXHO V\VWHP GHVLJQ IRU K\GURJHQ JDV 7KH
WDVNRIK\GURJHQLQGXFWLRQLQMHFWLRQV\VWHPLVWRPHDVXUHWKH
DSSURSULDWH TXDQWLW\ RI K\GURJHQ IRU WKH JLYHQ HQJLQH VSHHG
DQG ORDG WR HDFK F\OLQGHU HDFK F\FOH )XUWKHU K\GURJHQ
LQMHFWLRQ V\VWHP VKRXOG FRQWULEXWH LQ SUHYHQWLQJ DEQRUPDO
FRPEXVWLRQ SUHLJQLWLRQ EDFNILUH DQG NQRFNLQJ DQG UHVXOW
LQ UHDVRQDEOH YROXPHWULF HIILFLHQF\ WKHUPDO HIILFLHQF\ DQG
SRZHU RXWSXW IRU WKH ZKROH HQJLQH $QRWKHU PDLQ
UHVSRQVLELOLW\ RI K\GURJHQ LQMHFWLRQ V\VWHP LV WR UHGXFH12[
HPLVVLRQV WR ORZHVW OHYHOV 2I FRXUVH WKH VLPSOLFLW\
GXUDELOLW\DQGFRVWDUHRWKHULPSRUWDQWLVVXHV,WLVGLIILFXOWWR
GHYHORS D V\VWHP FDQPHHW DOO WKHVH UHTXLUHPHQWV HVSHFLDOO\
ZLWK FRPEXVWLYH SURSHUWLHV OLNH WKHVH RI K\GURJHQ ,Q WKLV
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PDQLIROG IXHO LQMHFWLRQ RU E\ GLUHFW LQMHFWLRQ WR WKH
FRPEXVWLRQ FKDPEHU ,QMHFWLQJ K\GURJHQ IXHO GLUHFWO\ LQ WKH
F\OLQGHU LV QRW W\SLFDOO\ DFFRPSDQLHG E\ SUHLJQLWLRQ
RFFXUUHQFH DQG LW KDV WKH SRWHQWLDO IRU KLJKHU SRZHU >@
+RZHYHULWOHDGVWRDUHGXFWLRQLQWKHWKHUPDOHIILFLHQF\GXH
WR QRQKRPRJHQHLW\ RI WKH PL[WXUH LQVLGH WKH F\OLQGHU
%HVLGHV LW UHTXLUHV H[SHQVLYH DQG FRPSDFW IXHO LQMHFWLRQ
V\VWHP,QDGGLWLRQFXUUHQWO\DYDLODEOHLQMHFWRUSURWRW\SHVVWLOO
GR QRW PHHW WKH GXUDELOLW\ UHTXLUHPHQWV QHHGHG IRU GLUHFW
LQMHFWLRQK\GURJHQHQJLQHVDSSOLFDWLRQV>@7KHQK\GURJHQ
LQGXFWLRQE\PHDQVRISRUWLQMHFWLRQ3,FDQEHFRQVLGHUHGDV
D FRPSURPLVH EHWZHHQ WKH VRSKLVWLFDWHG GLUHFW LQMHFWLRQ
V\VWHP DQG WKH XQFRQWUROODEOH FDUEXUHWHG V\VWHP $V D
FRPSURPLVHG VROXWLRQ WKH GHVLJQ RI WKH 3, V\VWHP PXVW
DSSURDFK DVPXFK DV SRVVLEOH IURP WKH GHVLUHG IHDWXUHV DQG
PRYH DZD\ IURP WKH XQGHVLUHG 7KLV VXJJHVWV WKDW H[WHQVLYH
VWXGLHV DQG HQKDQFHPHQWV PXVW EH DFKLHYHG ZLWK WKH SRUW
LQMHFWLRQ




JHQHUDWLRQ LV DOPRVW LQGHSHQGHQW RI WKH HQJLQH VSHHG DQG RI
IXHO PHWHULQJ WKH LQMHFWLRQ WLPLQJ DQG GXUDWLRQ FDQ EH
RSWLPL]HGIRUHYHU\ZRUNLQJFRQGLWLRQV,QGLHVHOHQJLQHVWKH
&5,6 KDVPHW DQ H[WUDRUGLQDU\ VXFFHVV DQG LV UHDVRQDEOH RI
WKH HYHULQFUHDVLQJ VKDUH RI GLHVHO HQJLQHV LQ (XURSHDQ
DXWRPRWLYHPDUNHW>@
&RPPRQ UDLO HOHFWURLQMHFWRUV KDYH WKRURXJKO\ EHHQ
LQYHVWLJDWHGE\UHVHDUFKHUVRIWKHDXWRPRWLYHILHOGLQRUGHUWR
REWDLQ IDVW DFWXDWLRQV UHWDLQLQJ DW WKH VDPH WLPH D JRRG
SUHFLVLRQ RI WKH LQMHFWHG IXHO YROXPH >@ +RZHYHU WKH
G\QDPLFV RI &5 K\GUDXOLF FRPSRQHQWV FDQ FDXVH VHQVLEOH
SHUWXUEDWLRQV WRPXOWLSOH LQMHFWLRQVZKLFKKHQFHRFFXUXQGHU
GLIIHUHQW FRQGLWLRQV IURP WKRVH H[SHFWHG 7KH ZDYH
SURSDJDWLRQ SKHQRPHQD DULVLQJ LQ WKH V\VWHP VXEVHTXHQW WR
DQ LQMHFWLRQHYHQW OHDG WRSUHVVXUHRVFLOODWLRQV WKDW LQIOXHQFH




7KH UDLO SUHVVXUH LV DOVR DIIHFWHGE\ WKH V\VWHPG\QDPLFV
:KHQHYHU DQ LQMHFWLRQ RFFXUV WKH SUHVVXUH LQ WKH UDLO GURSV
EHFDXVH WKH UDLO LWVHOI GRHV QRW EHKDYH DV DQ LQILQLWH YROXPH
FDSDFLW\>@7KHUHIRUHDVHQVRUIRUFRQWLQXRXVO\PRQLWRULQJ




UHSRUWHG IRU GLHVHO &5, V\VWHP ,W LV TXLWH GLIILFXOW WR ILQG D
ZRUN UHSRUWV D GHWDLOHG DQDO\VLV RI K\GURJHQ &5,6 DQG WKH
SUHVVXUHZDYH SURSDJDWLRQ SKHQRPHQD LQ WKLV V\VWHP
1XPHULFDOPRGHOVRIGLHVHO&5,6EDVHGRQRQHGLPHQVLRQDO
' SDUWLDO GLIIHUHQWLDO HTXDWLRQV ZHUH GHYHORSHG LQ >@
>@ >@ +RZHYHU QR PRGHOV KDYH EHHQ GHYHORSHG IRU
K\GURJHQ&5,6
,Q WKHSUHVHQWZRUN D&5,6 LV VXJJHVWHGDQGPRGHOHG IRU
3,+,&($RQHGLPHQVLRQDOFRPSUHVVLEOHSLSHIORZPRGHOLV
GHYHORSHG E\ XVLQJ &$( VRIWZDUH 8WLOL]LQJ WKLVPRGHO WKH
JDV G\QDPLF DQG SUHVVXUH ZDYH SURSDJDWLRQ SKHQRPHQD
ZKLFK WDNHV SODFH LQ WKH&5,6 DUH H[DPLQHG EULHIO\ DQG LWV
UHVSRQVH WR WKH YDULDWLRQ LQ VHYHUDO SDUDPHWHUV DUH FODULILHG
7KHVH SDUDPHWHUV LQFOXGH HQJLQH VSHHG UDLO SUHVVXUH DQG
LQMHFWRU¶VKROHGLDPHWHU
,, &200215$,/,1-(&7,216<67(0
+\GURJHQ &5,6 LV FRQVLGHUDEO\ VLPSOHU WKDQ WKH VWDQGDUG
GLHVHORUJDVROLQHIXHOV&5,6VEHFDXVHK\GURJHQIXHOLVVWRUHG
DWKLJKHUSUHVVXUH WDQNZKLFK WHUPLQDWHV WKH UROHRI WKHKLJK
DQG ORZ SUHVVXUH SXPSV ,Q WKH FXUUHQW SURSRVHG V\VWHP
K\GURJHQ WDQN LV XVHG DV D UHVHUYRLU IRU K\GURJHQ JDV ,W LV
QRQFRUURGLQJ DQG UHPDLQV IUHH RI OHDNV DW XS WR WZLFH
ZRUNLQJSUHVVXUH2SHQLQJVRUVDIHW\YDOYHVDUHSURYLGHGIRU
H[FHVV SUHVVXUH WR HVFDSH DXWRPDWLFDOO\ +\GURJHQ WDQN LV
VLWXDWHG IDU HQRXJK IURP WKH HQJLQH WR DYRLG LJQLWLRQ RI
HVFDSLQJ K\GURJHQ LQ FDVH RI DFFLGHQW 7KH QH[W SDUW LV D
SUHVVXUH UHJXODWRU XVHG WR UHGXFH K\GURJHQ SUHVVXUH WR WKH
UHTXLUHG UDLO SUHVVXUH 7KLV UHJXODWRU LV D SDUW RI WKH LQWDQN
XQLW VLQFH WKH VXJJHVWHG V\VWHP LV D UHWXUQOHVV IXHO V\VWHP
7KDWLVWKHUHLVQHLWKHUORZSUHVVXUHWDQNQRUDFRPSUHVVRUIRU




HQVXULQJ WKDW K\GURJHQ LV GLVWULEXWHG HYHQO\ WR DOO LQMHFWRUV
7KH &5 KRVWV DOVR DQ HOHFWURK\GUDXOLF YDOYH GULYHQ E\ WKH
(&8ZKLFKGUDLQVWKHDPRXQWRIIXHOQHFHVVDU\WRVHWWKHIXHO
SUHVVXUHWRDUHIHUHQFHYDOXH(YHQWXDOO\ WKHHOHFWURPDJQHWLF
VROHQRLGFRQWUROOHG LQMHFWRUV LQMHFWK\GURJHQ LQWR WKH LQWDNH
SRUW DW V\VWHPSUHVVXUH7KH\ SHUPLW WKH SUHFLVHPHWHULQJRI




+\GURJHQ &5,6 LV PRGHOHG E\ XVLQJ WKH*7)8(/&$(
VRIWZDUH*7)8(/LVDJHQHUDOSXUSRVHK\GUDXOLFVLPXODWLRQ
FRGH XVHG E\ HQJLQH PDQXIDFWXUHUV IRU VLPXODWLQJ WKH IXHO
LQMHFWLRQV\VWHPV7KHIXHOV\VWHPFRPSRQHQWVDUHDVVHPEOHG
ZLWKLQ D JUDSKLFDO XVHU LQWHUIDFH XVLQJ DQG PRGLI\LQJ WKH
WHPSODWHV WR ILW WKH GHVLUHG EHKDYLRU RI HDFK IXHO V\VWHP




LV VKRZQ LQ WKH *8, HQYLURQPHQW RI WKH *7)8(/ ,Q WKH
JUDSKLFDO SUHVHQWDWLRQ RI WKH *7)8(/ PRGHO WKH SK\VLFDO
HOHPHQWVRIWKHV\VWHPFDQEHGLVWLQJXLVKHG7KHPRGHOFDQEH
VHHQDVDFKDLQRIFKDPEHUHOHPHQWVLHYROXPHVZLWKDOOWKH
FKDUDFWHULVWLF GLPHQVLRQV RI WKH VDPH RUGHU DQG SLSH
HOHPHQWVLHYROXPHVZLWKRQHGLPHQVLRQSUHYDLOLQJRYHUWKH
RWKHUV ,Q WKH FKDPEHUV SUHVVXUH DQG WHPSHUDWXUH WDNH
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XQLIRUP YDOXHV WKDW GHSHQG RQO\ RQ WLPH FUDQN DQJOH
DFFRUGLQJ WR D OXPSHG PDVV PRGHO ,Q WKH SLSHV WKH
WKHUPRIOXLGG\QDPLFSURSHUWLHVDUHDOORZHGWRYDU\ZLWKERWK
WLPHFUDQNDQJOHDQGD[LDOFRRUGLQDWHRQWKLVEDVLVRID'
DSSURDFK7KLV SUHVHQWDWLRQZDV DOVR VXJJHVWHG E\ >@7KH
UDLOLVFRQVLGHUHGDVDWXEXODUHOHPHQWZKLFKLVVXSSOLHGZLWK
K\GURJHQ JDV E\ WKH SUHVVXUH UHJXODWRU DQG GHOLYHUV WKH
K\GURJHQJDVWRWKHLQMHFWRUVWKURXJKWKHSUHVVXUHSLSHV
7KH SUHVVXUH YDULDWLRQ ZLWK FUDQN DQJOH ߠ LV FDOFXODWHG



















ZKHUH ȕ LV WKHYROXPHWULFFRHIILFLHQWRIWKHUPDOH[SDQVLRQRI
WKHWKHUPDOH[SDQVLYLW\





ZKHUH ET LV WKH LVRWKHUPDO EXON PRGXOXV RI HODVWLFLW\ RI
K\GURJHQ ZKLFK LV DGGHG WR FRQVLGHU WKH FRPSUHVVLELOLW\ RI
K\GURJHQ >@ߩLV WKH GHQVLW\ ߭LV WKH VSHFLILF YROXPH ሶ݉ ௜
DQG ሶ݉ ௢DUH WKH UHVSHFWLYHO\ LQJRLQJ DQG RXWJRLQJPDVV IORZ












ZKHUH݄ LV WKH HQWKDOS\ܥ௣ LV WKH VSHFLILF KHDW DW FRQVWDQW
SUHVVXUHDQGݍሶ LVWKHKHDWIORZIURPWKHVXUURXQGLQJVLQWRWKH
YROXPH )RU WKH HOHPHQWV ZKLFK UHSUHVHQW UHVWULFWLRQ LQ WKH




ሶ݉ ൌ ߩܥௗሺߣሻܣටଶȁ୼௣ȁఘ 

ZKHUHܥௗLV WKH GLVFKDUJH FRHIILFLHQW 6LQFH K\GURJHQ IXHO LV
XVHGLQLWVJDVHRXVSKDVHWKHUHIRUHWKHIORZLQDQ\UHVWULFWLRQ
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)LQDOO\ WKH SUHVVXUH ZDYH G\QDPLFV PRGHO LV GHYHORSHG
IURP WKH JHQHUDO ZDYH HTXDWLRQ ZKLFK GHVFULEHV WKH




UDLO ,GHDOO\ WKH SURSDJDWLRQ RI SUHVVXUH ZDYHV LQ RQH








ZKHUHݔLVSRVLWLRQDQGc LV WKHVSHHGRI WKHZDYH+RZHYHU
LQUHDOLW\WKHZDYHLVDIIHFWHGE\HQHUJ\ORVVHVIURPERWKWKH
PHGLXPLQZKLFKWKHZDYHLVWUDYHOOLQJDQGWKHFRQGLWLRQVDW
WKH ERXQGDULHV RI WKH PHGLXP /RVVHV LQ WKH WUDQVPLWWLQJ
PHGLXPPD\EHGLYLGHGLQWRWKUHHW\SHVYLVFRXVORVVHVKHDW
FRQGXFWLRQ ORVVHV DQG ORVVHV DVVRFLDWHG ZLWK PROHFXODU
H[FKDQJHV RI HQHUJ\ 8QIRUWXQDWHO\ LW LV QRW SRVVLEOH WR
UHSUHVHQW DOO WKH ORVVHV E\ D VLQJOH PRGLILFDWLRQ RI ZHOO
HVWDEOLVKHG UHODWLRQV VXFK DV WKH ZDYH HTXDWLRQ %XW
DFFRUGLQJ WR >@ DFRXVWLF ORVVHV LQPDQ\PDWHULDOVPD\ EH
DGHTXDWHO\ GHVFULEHG E\ D YLVFRXV GDPSLQJ WHUP DW URRP
WHPSHUDWXUH7KLVLVDVVXPHGWREHDSSOLFDEOHWRWKHK\GURJHQ
&5,6 7KHUHIRUH D ZDYH HTXDWLRQ ZKLFK SD\V UHJDUG WR WKH
HIIHFWV RI YLVFRXV GDPSLQJ ZLOO QRZ EH GHULYHG 7KH
GLVSODFHPHQW IURP WKHHTXLOLEULXPSRVLWLRQRI WKHDWRPV LQD
IOXLGLVGHVLJQDWHGDVߦ%\XVLQJWKLVFRQFHSWLRQSUHVVXUHFDQ
EH GHILQHG ,I D SUHVVXUHZDYH LQ D IOXLG LV VWXGLHG WKH SDUW
EHWZHHQݔDQGݔ ൅ ȟݔLQWKHPHGLXPLVFRQVLGHUHG7KHPDVV
RIWKLVSDUWFDQEHZULWWHQDV݉ ൌ ߩܣȟݔZKHUHܣ LVWKHFURVV
VHFWLRQ DUHD DQGȟݔ LV WKH OHQJWK RI WKH HOHPHQW 3UHVVXUH
FKDQJHLVDOVRGHILQHGDVIRUFHܨSHUDUHDXQLW

݌ሺݔሻ െ ݌ሺݔ ൅ ȟݔሻ ൌ ி஺
%\ XVLQJ1HZWRQ
V HTXDWLRQ LQ RUGHU WR H[SUHVV WKH IRUFH
GLIIHUHQWO\WKHIROORZLQJUHODWLRQLVGHYHORSHG

















7KH DEVRUSWLRQRI HQHUJ\ IURPSUHVVXUHZDYHV LQ IOXLGV LV
DVVRFLDWHG ZLWK D WLPH ODJ RI WKH FRQGHQVDWLRQݏ ZKHUHݏ ൌ
െ߲ߦ ߲ݔΤ UHODWLYHWRWKHYDU\LQJSUHVVXUH݌7KLVODJGHSHQGV
RQWKHFKDUDFWHULVWLFWLPHUHTXLUHGIRU
x 9LVFRXV VWUHVVHV DVVRFLDWHG ZLWK UHODWLYH IOXLG SDUWLFOH
YHORFLWLHVWRWHQGWRHTXDOL]HWKHVHYHORFLWLHVRU




%XW KHUHLQ RQO\ WKH YLVFRXV ORVVHV DUH WDNHQ LQWR
FRQVLGHUDWLRQ ,Q RUGHU WR JHW WKH GLVVLSDWLRQ WHUPV LQWR WKH
JHQHUDOZDYHHTXDWLRQWKHWLPHODJRIWKHFRQGHQVDWLRQݏDQG
WKH SUHVVXUH IOXFWXDWLRQV KDYH WR EH GHVFULEHG 6WRNHV
GHYHORSHGWKHIROORZLQJHTXDWLRQIRUWKLVSXUSRVH>@

݌ ൌ ߩܿଶݏ ൅ ܴ డ௦డఏ

ZKHUHܴ ൌ ሺ͵ ͶΤ ሻߟZLWKߟDV WKHG\QDPLFYLVFRVLW\%\XVLQJ
WKH UHODWLRQ IRU WKH FRQGHQVDWLRQ ݏ ൌ െ߲ߦ ߲ݔΤ  WKH IRUFH
HTXDWLRQDQGE\WDNLQJWKHߠGHULYDWLYHWZLFHIRUDQ













7KH ZDYH SURSDJDWLRQ DQG JDV G\QDPLF EHKDYLRU RI
K\GURJHQJDVIORZLQIRXUVWURNHVIRXUF\OLQGHUV3,+,&(DUH
LQYHVWLJDWHG LQ WKLV VHFWLRQ 7KH HIIHFWV RI HQJLQH VSHHG DQG
WKHLQMHFWRUKROHGLDPHWHUDUHFRQVLGHUHG
A. Influence of Engine Speed 
7KHIORZLQWKHFRPPRQUDLOLVXQVWHDG\GXHWRWKHSHULRGLF
LQMHFWRUVRSHQLQJDQGFORVLQJ7KHRSHQLQJDQGFORVLQJRIWKH
LQMHFWRUV FUHDWH ILQLWH DPSOLWXGH FRPSUHVVLRQ DQG UDUHIDFWLRQ
SUHVVXUHZDYHV WKDW SURSDJDWH WKURXJK K\GURJHQ IORZ LQ WKH
&5 7KHVH SUHVVXUH ZDYHV PD\ DLG RU LQKLELW K\GURJHQ
H[FKDQJH SURFHVVHV 7KHUHIRUH WKH VL]H RI WKH &5 LV WXQHG
SURSHUO\WRJHWWKHEHVWJDVH[FKDQJH1DPHO\SUHVVXUHZDYHV
DLG WKH H[FKDQJH SURFHVV 7KH HIIHFW RI HQJLQH VSHHG RQ WKH
JDV G\QDPLF RI K\GURJHQ IORZ LV LQYHVWLJDWHG ZLWK D VSHHG
UDQJHRIUSPIRUPPLQMHFWRUKROHGLDPHWHUDQG
EDUUDLOSUHVVXUH
7KH WUHQGV RI WKH GLIIHUHQW SDUDPHWHUV LQ WKH FRPPRQ UDLO
LQMHFWLRQV\VWHP&5,6ZLWKHQJLQHVSHHGDUHLQYHVWLJDWHGDW
ILUVW 7KH UDLO SUHVVXUH VSHHG RI VRXQG PDVV IORZ UDWH
LQMHFWRUVPDVVIORZUDWHDQGSUHVVXUHGURSDFURVVLQMHFWRUVDUH
WKHFRQVLGHUHGSDUDPHWHUV
7KH SUHVVXUH YDULDWLRQ LQ WKH&5ZLWK WKH FUDQN DQJOH IRU
WKH FRQVLGHUHG HQJLQH VSHHGV LV VKRZQ LQ )LJ  7KH
FRPSOH[LW\ RI WKH SKHQRPHQD WKDW RFFXU LV DSSDUHQW 7KH
DPSOLWXGHRISUHVVXUHIOXFWXDWLRQVLQFUHDVHVVXEVWDQWLDOO\ZLWK
WKH GHFUHDVH RI HQJLQH VSHHG0D[LPXP DPSOLWXGH RI 
EDUZDVUHFRUGHGDWUSPZKLOHWKHPD[LPXPDPSOLWXGH
RIEDUKDSSHQHGDWUSP+RZHYHU IUHTXHQF\RI




LQMHFWRU LVRSHQHGDQGD IORZ LQ WKH LQMHFWRUSLSH LV LQGXFHG
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SLSH DV VKRZQ LQ )LJ  D 6XGGHQO\ WKH RULILFH LV FORVHG
ZKLFK FUHDWHV D SUHVVXUH ZDYH WKDW WUDYHOV WRZDUG WKH PDLQ
UDLO+\GURJHQJDVEHWZHHQWKHZDYHDQGWKHRULILFHLVDWUHVW









:KHQ WKHZDYH UHDFKHV WKHPDLQ UDLO WKHZKROH SLSH KDV
WKHSUHVVXUHSGSEXWWKHSUHVVXUHLQWKHUDLOVWLOOEHS
7KLV LPEDODQFH RI SUHVVXUH PDNHV K\GURJHQ IORZ IURP WKH
SLSH EDFN WR WKH UDLOZLWK WKH YHORFLW\ Y DQG D QHZSUHVVXUH
ZDYHLVFUHDWHGDQGLWWUDYHOVWRZDUGWKHRULILFHHQGRIWKHSLSH







WLPHV IRU HDFK LQMHFWRU DQG WKLV LV UHIOHFWLQJ LQ KLJKHU
IUHTXHQF\IRUWKHSUHVVXUHSXOVDWLRQV(DFKLQMHFWLRQWULJJHUVD
SUHVVXUH ZDYH LQ WKH UDLO 7KLV ZDYH LQIOXHQFHV WKH IXHO












7KH VSHHG RI VRXQG RI K\GURJHQ DW  ż& HTXDOV WR 
PVHFFRPSDUHGZLWKPVHFIRUDLUDWWKHVDPHFRQGLWLRQ
7KLV ELJ GLIIHUHQFH FRPHV IURP WKH GLIIHUHQFH LQ WKH PRODU
PDVVIRUK\GURJHQFRPSDUHGZLWKIRUDLU7KLV
VXJJHVWV WKDW WKH SUHVVXUH ZDYHV LQ K\GURJHQ JDV SURSDJDWH
IDVWHULQWKHFRPPRQUDLO)LJGHPRQVWUDWHVWKHEHKDYLRURI
WKH VRXQG VSHHG LQ WKH UDLO IRU WKH VHOHFWHG VSHHGV 7KH
VLPLODULW\ EHWZHHQ WKH FXUYHV LQ )LJV  DQG  LV YHU\ FOHDU
7KLV LQGLFDWHV WKDW WKH SUHVVXUH ZDYH SURSDJDWLRQ GHSHQGV
VWURQJO\ RQ WKH VRXQG VSHHG $JDLQ KLJKHU VSHHGV OHDG WR
KLJKHU DPSOLWXGHV KRZHYHU WKH\ GR QRW DIIHFW WKH
IUHTXHQFLHV $W  USP WKH PD[LPXP VSHHG RI VRXQG RI
PVHFLVQRWLFHGZKLOHPVHFDWUSP,Q
IDFW WKH GLIIHUHQFH EHWZHHQ WKH WZR VSHHGV LV YHU\ VPDOO
FRPSDUHGZLWKWKHVRXQGVSHHGYDOXH,WLVMXVWIURP
WKHVRXQGVSHHGYDOXHDWUSP7KLVVXJJHVWVWKDWHQJLQH
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VSHHG KDV PLQRU HIIHFW RQ WKH VRXQG VSHHG 7KHVH PLQRU











7KH UDSLG FORVLQJ DQG RSHQLQJ RI WKH LQMHFWRUV FDXVH KLJK
IOXFWXDWLRQ LQ WKHPDVVIORZUDWH WKURXJKRXW WKHUDLO5HYHUVH
IORZ QHJDWLYH IORZRXW FDQEHQRWLFHG LQ VRPHSDUWVRI WKH
F\FOH7KHJDVG\QDPLFHIIHFWVGLVWRUWWKH&5DQGOHDGWRWKH
UHYHUVH IORZ ZKLFK KDSSHQV DV D UHVXOW RI WKH SUHVVXUH
LPEDODQFH WKDWRFFXUVEHWZHHQ WKHDFFXPXODWRU UDLODQG WKH
SLSHVRILQMHFWRU$PD[LPXPPDVVIORZRIPJVHFUDWHLV
UHSRUWHGDWUSP
)LJ  VKRZV WKH PHDVXUHG PDVV IORZ UDWH WKURXJK WKH
LQMHFWRU RULILFH ,W VKRZV FOHDUO\ WKH LQIOXHQFH RI WKH
RVFLOODWLRQV LQ UDLO SUHVVXUH RQ LQMHFWLRQ UDWH 7KH PDLQ
SDUDPHWHUV WKDW DIIHFW WKH LQMHFWHG PDVV IORZ UDWH DUH WKH
GLVFKDUJHFRHIILFLHQWRULILFHGLDPHWHUGHQVLW\RI WKH IXHO DV




IRU DFFXUDWH PRGHOLQJ RI WKH LQMHFWHG PDVV IORZ UDWH 7KH
LQMHFWRU KROH GLVFKDUJH FRHIILFLHQW LV FRQVLGHUHG DV  IRU
WKLV VWXG\ +LJKHU PDVV IORZ UDWHV FDQ EH VHHQ IRU KLJKHU
VSHHGV 7KH PDVV IORZ UDWH IOXFWXDWLRQV RFFXU LQ YHU\ VPDOO
DPSOLWXGHV PD[LPD RI  PJVHF DW  USP DQG 
PJVHFDWUSPZLWKKLJKIUHTXHQFLHV
)LJ  VKRZV WKH YDULDWLRQ LQ SUHVVXUH GURS DFURVV WKH
LQMHFWRU RULILFH ZLWK WKH FUDQN DQJOH 7KLV LV D UHOHYDQW DQG
IOH[LEOH IDFWRU WR LPSURYH K\GURJHQ SHQHWUDWLRQ DQG DOORZV
HIIHFWLYHPL[LQJ$JDLQ WKHSUHVVXUHIOXFWXDWLRQLVSUHVHQW LQ
WKH EHKDYLRU RI WKH SUHVVXUH GURS DFURVV WKH LQMHFWRU RULILFH
7KH VLPLODULW\ EHWZHHQ WKH WZR FXUYHV SUHVVXUH ZDYHV DQG
SUHVVXUHGURS HPSKDVL]HV WKDW WKHEHKDYLRURI WKH ODWWHU LV D
VXEVHTXHQWWRWKHIRUPHU/RZHUVSHHGUSPJLYHVKLJKHU
DPSOLWXGH DQG ORZHU IUHTXHQF\ 7KLV IOXFWXDWLRQ PXVW EH
GDPSHG RXW DV PXFK DV SRVVLEOH WR DYRLG VXSSO\LQJ WKH
F\OLQGHUVZLWK GLIIHUHQW TXDQWLWLHV RI K\GURJHQ JDV%HFDXVH
DV VWDWHG WKH LQMHFWHGK\GURJHQPDVVGHSHQGVPDLQO\RQ WKH
SUHVVXUH GLIIHUHQFH DFURVV WKH LQMHFWRU RULILFH 6R WKH
IOXFWXDWLRQ KHUH JLYHV YDULDEOH DPRXQWV RI K\GURJHQ 7KH








B. Influence of Injector Hole Diameter 
(QJLQH VSHHG LV UHODWHG WR WKH RSHUDWLRQ FRQGLWLRQ RI WKH
HQJLQHDQGLWZDVGLVFXVVHGLQWKH6HFWLRQ,,,7KHWUHQGVZLWK
WKH GLPHQVLRQ RI WKH LQMHFWLRQ V\VWHP ZKLFK LV D SK\VLFDO
IHDWXUHZLOOEHSUHVHQWHGKHUHLQ(DFKLQMHFWRUZDVDVVXPHGWR
KDYH IRXU KROHV KRZHYHU WKH GLDPHWHUV DUH WKH HTXLYDOHQFH
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GLDPHWHUV RI D RQHKROH RULILFH E\ FRQVHUYLQJ WKH WRWDO IORZ
DUHDIRUH[DPSOHDIORZDUHDIRUPPKROHGLDPHWHU>$UHD 
SLî @ LVHTXLYDOHQFH WR WKH IORZDUHD IRU IRXUKROHVHDFK
ZLWK   PP GLDPHWHU >WKXV $UHD    î SL î @
7KUHH HTXLYDOHQFH GLDPHWHUV RI   DQG  PP DUH






7KH WUHQGVRI WKHUDLOSUHVVXUH WKURXJKRXWHQJLQHF\FOHDUH
VKRZQ LQ )LJ  &OHDUO\ KLJK DPSOLWXGH LV VHHQ IRU ODUJHU
GLDPHWHUV7KHZDYHVVHHPWREH LQSKDVHEHFDXVH WKHVSHHG
RIWKHHQJLQHLVNHSWFRQVWDQW)LJSORWVWKHVSHHGRIVRXQG
IRU WKH GLIIHUHQW LQMHFWRU KROH GLDPHWHUV 7KH IOXFWXDWLRQV LQ
WKHVH FXUYHV DUH LQ SKDVH ZLWK WKRVH RI )LJ  +LJKHU
DPSOLWXGHV KDSSHQ ZLWK ODUJHU LQMHFWRU KROH GLDPHWHU
0D[LPXP VSHHGV RI  PVHF DQG  PVHF DUH





ZLWK ODUJHU KROHV7KH LQWHUDFWLRQ EHWZHHQ WKH FXUYHVKHUH LV
OHVV FRPSDUHG ZLWK WKDW VHHQ LQ )LJ  $Q LQYHUVH IORZ
KDSSHQV IRU WKH WKUHH FDVHV 7KLV PD\ KDSSHQ EHFDXVH KLJK
SUHVVXUHIOXFWXDWLRQWDNHVSODFHDIWHUWKHLQMHFWLRQHYHQW7KLV
ZDYH GLVWRUWV WKH IORZ VWURQJO\ DQG FDXVHV WKH UHYHUVH IORZ








EH VXEVWDQWLDO FRPSDUHGZLWK WKH UHVSRQVHV WR HQJLQH VSHHG
$V H[SODLQHG LQ WKH GLVFXVVLRQ RI )LJ  WKH LQMHFWRU KROH
GLDPHWHU LV D PDLQ SDUDPHWHU IRU GHWHUPLQLQJ WKH LQMHFWHG













QRW PXOWL LQMHFWLRQ 7KH IOXFWXDWLRQ RI WKH SUHVVXUH GURS
DFURVV WKH LQMHFWRU WKDW LV VKRZQ LQ WKH ILJXUH DIIHFWV WKH
LQMHFWHGPDVV IRUHDFK LQMHFWRU7KLV OHDGV WRF\FOLFYDULDWLRQ
DQGXQVWDEOHRSHUDWLRQ$VVWDWHGSUHYLRXVO\WKHSUHVVXUHGURS
LV DQ LPSRUWDQW IDFWRU IRU GHWHUPLQLQJ WKH LQMHFWHGPDVV DQG
DQ\ DEQRUPDOLW\ LQ WKLV GURS LV UHIOHFWLQJ GLUHFWO\ RQ WKH
LQMHFWHGPDVV
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$ QXPHULFDO LQYHVWLJDWLRQ RI WKH G\QDPLFV LQ K\GURJHQ
&5,6 G\QDPLFV KDV EHHQ SHUIRUPHG 7KH KLJKO\ XQVWHDG\
ZDYHSURSDJDWLRQSKHQRPHQDWDNLQJSODFHLQWKHV\VWHPSOD\
D PDMRU UROH LQ WKH SURSHU XQGHUVWDQGLQJ RI LPSRUWDQW
LQMHFWLRQV\VWHP FKDUDFWHULVWLFV $ RQHGLPHQVLRQDO JDV
G\QDPLF PRGHO KDV EHHQ SURSRVHG IRU LQYHVWLJDWLQJ WKH
LQMHFWLRQ V\VWHP SHUIRUPDQFH DQG UHVSRQVH IRU LQMHFWLRQ
HYHQWVDQGWKHDFFRPSDQLHGSUHVVXUHRVFLOODWLRQV7KLVPRGHO
KDV EHHQ EXLOW DQG SURSRVHG IRU SRUW LQMHFWLRQ VWURNHV 
F\OLQGHUV3,+,&(:LWKWKHDLGRIWKLVPRGHOLWZDVSRVVLEOH
WRLQYHVWLJDWHDQGLQWHUSUHWWKHEHKDYLRUDQGWUHQGVRIWKH&5
LQMHFWLRQ V\VWHP IURP WKH JDV G\QDPLF SRLQW RI YLHZ ,Q
SDUWLFXODU V\VWHP WUHQGV ZHUH LQYHVWLJDWHG IRU YDULDEOH
SK\VLFDOGLPHQVLRQVDQGJHRPHWULFDOIHDWXUHVVXFKDVLQMHFWRU
KROH GLDPHWHU LQMHFWLRQ SDUDPHWHUV LQMHFWLRQ SUHVVXUH DQG
HQJLQH RSHUDWLRQ FKDUDFWHULVWLFV HQJLQH VSHHG )URP WKH
DQDO\VLV RI V\VWHP EHKDYLRU ZLWK GLIIHUHQW RSHUDWLRQ DQG
JHRPHWULFDOSDUDPHWHUVWKHIROORZLQJFRQFOXVLRQVDUHGUDZQ
 7KHSURSRVHGFRPPRQUDLOLQMHFWLRQV\VWHPIRUK\GURJHQ
HQJLQH FDQ SOD\ GUDPDWLF UROH LQ GHYHORSLQJ 3,+,&(
H[DFWO\VLPLODU WR WKHH[WUDRUGLQDU\VXFFHVVIRU WKH&5,6
LQ GLHVHO HQJLQH 7KH &5,6 LV UHVSRQVLEOH IRU WKH HYHU
LQFUHDVLQJ VKDUH VR IDU  RI GLHVHO HQJLQHV LQ
(XURSHDQDXWRPRWLYHPDUNHW
 $OWKRXJKORZSUHVVXUHVEDUVKDYHEHHQLQYHVWLJDWHG
IRU WKH 3, V\VWHP WKH JDV G\QDPLF DQG SUHVVXUH





 7KH WXQLQJ SURFHVV PXVW WDNH LQWR DFFRXQW WKH HQJLQH
RSHUDWLRQ FRQGLWLRQV HQJLQH VSHHG LQMHFWLRQ V\VWHP
RSHUDWLRQ FRQGLWLRQ UDLO SUHVVXUH DQG JHRPHWULFDO
FKDUDFWHULVWLFVOLNHLQMHFWRUKROHGLDPHWHU
 +\GURJHQJDVIXHO&5,6LVFRQVLGHUDEO\VLPSOHUWKDQWKH
VWDQGDUGGLHVHO IXHO LQMHFWLRQV\VWHP7KLV LVEHFDXVH WKH
IXHOLVVWRUHGDWKLJKSUHVVXUHVLQDF\OLQGHUIXHOWDQNDQG
QRQHHGIRUKLJKSUHVVXUHSXPS+RZHYHUWKHKLJKVRXQG
YHORFLW\ IRU K\GURJHQ IXHO OHDGV WR KLJKHU SURSDJDWLRQ
VSHHGSUHVVXUHRVFLOODWLRQV
5()(5(1&(6
>@ 719H]LURJOX 'DZQ RI WKH K\GURJHQ DJH ,QW -+\GURJHQ(QHUJ\
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